A heavy~particle track mode·l suggested by considerations presented in a companion paper is used in a calculation of the differential (G') and integral (G) yields of the Fricke dosimeter system for six selected particles over a wide range of energies.
L Introduction
A companion paper 1 (hereafter called I) presents a general consideration of the radiation chemistry of heavy~particle tracks in aqueous systems, and suggests a heavy~particle track model. In this paper we report a calculation based on that model of the radiation chemical yields of the acidic ferrous sulfate system, commonly known as the 11 Fricke dosimeter. 11 The Fricke dosimeter 2 ' 3 is the most studied of all aqueous systems, and its well understood characteristics have become a The aerated Fricke dosimeter has a G-va·lue given by G(F ( 2) based on the mechanism ( 3) Fe 2 + + H0 2 3+ ~ Fe + H02 ( 4) H02 + + H ~ H202 (5) Fe 2 + + OH ~ Fe 3 + + OH ( 6) (7)
Attention in this calculation is focussed on the variation of yields arising from the patterns of energy deposited by heavy particles and simplifying assumptions are made whenever necessary to make the calcul ion feasible. We assume that 5.88 molecules of water are dissociated into Hand OH for each 100 eV of absorbed energy (i.e. 9 17 eV is required per radical pair independent of the particle charge and energy). Other important approximations (e.g., prescribed diffusion), introduced in I are also used here. However, we use a The most important feature of this calculation is the separation of the deposited energy into two parts assigned to core and penumbra, respectively. Arguments for the validity of this concept for the case of a one~radical system are presented in I. The same simple arguments cannot be made for the more complex situation encountered in a multi~ radical system. A single radius of separation is difficult to define if there are several radicals with different diffusion constants and reaction rate con ants. However, the concept of separation of a heavy particle track into core and penumbra is quite basic and we believe that it must apply in a multiradical system also. For the purpose of the present calculation we assume that a radius of sepa~ ration can be introduced as an adjustable parameter. Once this parameter is obtained, the calculation is relatively straightforward.
The most elementary calculation of chemical yield is, of course, for G 1 (Z;E) which is the differential yield 5 (i.e., the yield over a small segment of track) of a particle of atomic number Z and energy per nucleon, E. In order to get the ferric yield we must calculate I I I GH, GOH and GH 202 (see eq 2). Yields are considered separately in the core and penumbra regions. The total G' is then obtained by properly weighting the G''s of the core and penumbra according to the partitioning of the energy loss between them.
Once the differential yield is known as a function of energy per nucleon, the integral yields G(Z;E) are obtained by means of the following relationship: The reactions of the Fricke system are given in Table 1 . 7 The primary radical recombination reactions shown under A in Table I gives the principal track effects and to a first approximation the reactions of A and C can be used to calculate the yields. It is generally assumed that some of the reactions of B are important for tracks in which high densities of radicals occur, and in our treatment, we use all of them.
The separation of core and penumbra is a valid approximation largely because the track reactions occur early. According to the discussion in I (Section 5) on the medium-LET case, after a short transient period the number of uncombined radicals in the expanding core remains constant. The fraction of initially formed radicals remaining uncombined decreases slowly as the expansion continues. The fraction of radicals surviving to react with the scavenger depends on r 1 , but weakly, We use the separation parameter r 1 introduced in ref. I. In preliminary calculations other separations were used and the ~ne which seems to give the best overall agreement with experimental results was chosen. The radii, r 1 , in Figure 3 of I and the fraction of energy in the core, F , in Figure 4 of I core apply to the calculation reported here. Values of LET are given core by 6 where rl is the separation radius which is, of course, a function of Z and E; r and r c are the penumbra and physical core radii, p respectively (see Table I and Fig. 3 of I). For some particles at high energies r 1 < rc; in these cases we take r 1 = rc.
We use the concept, discussed in I, that radical~radical reactions dominate at first and scavenger reactions can be neglected. After a characteristic time given in the one-radical approximation by the scavenger reaction dominates. In a multiradical system such a time is actually difficult to define precisely and we choose t 1 = -7 3xl0 sec for use in the calculations. If t 1 were determined by eq 10 of Table I with c 0 = 3 x 10-4 M, this value would be 2 obtained. We prefer to think of t 1 as a parameter which can be adjusted.
The differential equations for the transient species and radiation produ s are shown in Table II . These equations include all of the reactions in A and B of Table I . The set of equations enclosed in the box include only the radical recombination reactions of A in Table I. An equation for the H 2 o re~formed by radical combination must, of course, be included in this set (i.e., eq 2). The scavenger reactions of C (Table I) Table I . The complete set of differential equations actually used is not given in Table III because extension of the set shown to include all secondary reaction is trivial and can be done by inspection. z 1 , the inter-spur separation parameter. has been taken as 50/LET on the basis of the core 8 agreement of calculation with experimental results. The average energy of a spur is 40 eV and so one might expect that z 1 should be 40/LET
• Actually the consideration leading to the introduction core of z 1 involves several averages over distribution functions 1 and the situation is not so simple that the parameter can be chosen completely a iori.
The various r.'s which appear in the differential equations J shown in Table III are parameters in our calculation associated with the initial distribution of radicals. In Table IV these initial radii for the various radical and molecular products are given along with the diffusion constants used. The radii for hydrogen and hydroxyl radicals are adjusted for very energetic protons in such a manner that the ferric yield in an isolated spur is 18.4. 8
The system of differential equations of Table III 
B. Penumbra Contribution
Calculation of the penumbra yield is discussed in I and the formula which applies is presented there (eq 37). The essential quantity needed in this calculation is G (s), the total Fe+ 3 yield e of an electron of initial energy s which is stopped in the Fricke system. A detailed consideration of the electron G-values is reported elsewhere. 8 ' 9 In Table V we provide the parameters for empirically fitted formulas relating G (s) and s in various energy intervals. e When s = 20 KeV or greater, the G~values for electrons can be represented by an analytical formula in a very convenient form which is also given in Table V. 3. Results Fcore ~ 1, the G 1 core values of Figure 2 are expected to be the same as the total G'. At high particle energies, on the other hand, there is always a relatively large contribution from the penumbra and G'core is significantly different from the total G'. The low~LET limit for G'core is the same as Gspur' i.e., 18 .4, whereas the total G' for the proton is around 15; under these conditions, the penumbra yield is lower than G'core because of the track-end contributions to the latter.
In Figure 1~ at all values of the abscissa the particles have the same velocity, and thus the same values of r and r • The c p penumbra contributions to G 1 (E), however, are not precisely the same because r 1 and F are different for particles with different core Z. Figure 3 shows the G•pen values for the six particles. The vertical arrows mark the energies for the various particles below which there is no penumbra (i.e., Fcore = 1). G-value for an ideal penumbra which contains all knock-on electrons from 100 eV to € max 11
The differential G-value for a particle at energy per nucleon E is made up of a contribution from the core and a contribution from the penumbra as follows: The scatter of the experimental data points for G(E) is as large as that for G'(E). There is a suggestion, however, that G(E) rises more at low energies than our calculations show. Such a result could indicate that the track structure is significantly different from our model, perhaps because of nuclear collisions.
Discussion
The authors 1 that the calculated curves presented in the figures give a good view of the Fricke dosimeter yields to be expected for accelerated heavy particles. As experimental values become better known, refinements may be made in the model so that calculations give agreement to any sired extent.
The calculation presented here assumes the G_H 20 value for initial dissoci ion of water to be 5.88 and has three parameters which can be adjusted; they are r 1 , z 1 and t 1 : All other parameters such as emical reaction rate constants and diffusion constants were taken from known experimental values. The energy distribution in the penumbra is obtained from an a iori calculation. As the LET vs ~--energy relationships for heavy particles and electrons become better known, this calcul ion may be improved. However, the radial energy distribution used is in satisfactory agreement with various experimental measurements and is probably one of the best known quantities.
An a iori calculation of r 1 from the energy distribution requires several steps to get to the yield of radicals escaping from the electron tracks and then the use of an appropriate relationship such as c 1 ~ k s/2k. We do not have a one radical system and we do not know how to do this. However~ it is clear that the energy separation of the core and penumbra and thus the track G-values depend on the scavenger concentration. Accurate experimental heavy particle track yields as a function of c 5 can perhaps be used to improve the heavy particle track model. It is known that G-values of the Fricke dosimeter depend on ferrous concentration. For low-LET radiations, particularly electrons (in which we include y-and X-rays) expressions for radical yields have a term linear in 1 ' 2 , 23 and the ferric yield presumably varies in the same manner. It is a significant variation, but not a large one. A limited study of G-values of the Fricke dosimeter for heavy particle tracks as a function of ferrous concentration has been made, 22 but we have not attempted to explain these results in terms of the track model presented here.
The calculated G'-values are most reliable for the low LET particles (i.e., Hand He at high energies) because these values are related in such a simple manner to the electron yields. For the same reason the low LET core calculations are reliable. The parameter z 1 is introduced to take into account the overlapping of spurs along the core as LET increases. This parameter also allows for the overlapping with the penumbra which is engulfed and so it is not as simple as it appears at first. The high LET core calculation is independent of z 1 and its reliability depends upon the validity of the separation (and non-interaction) of the core and penwnbra. A discussion of this matter is presented in I.
There is a new interest in heavy particles which is concerned with high Z particles at high energies. Here the phenomena are not limited to radiation chemical effects but also with physical and biological effects. High-energy9 heavy nuclei can interact with the nuclei of the medium in several ways. One of the most important types of nuclear intera ions is the produ ion of lighter fragments of the inci nt particle which dilutes the main beam with lower atomic number fragments. In addition to the projectile fragmentation, target frag- In summary, calculations of G 1~ and G-values of the Fricke dosimeter system are presented to illustrate the use of a heavyparticle track model described in a companion paper. The curves shown in the figures give a good overall view of the yields, and we do not expect the patterns to change substantially as better experimental data for particle irradiations become available. The calculation itself can be refined in many ways, but we believe that the principal track phenomena are included.
The recombination of H and OH radicals must lead to a certain
amount of H 2 0 re-formation. In the radiolysis of water this reaction is not actually observable, but it is always included in the reaction schemes (see Table I} . 5 . See ref. I for a discussion of differential (G') and integral (G) yields, their relationship to each other, specification of arguments, etc.
6. The six particles are H, He, C, Ne, Ar, and Fm. The first two (H, HeL the lightest of the 11 heavy" particles, have been widely used in accelerators; the next three (C, Ne, Ar) are the principal heavy particles currently accelerated in the BEVALAC; the last (Fm) has atomic number 100, and is representative of the very heav·lest particles. The energy range for the first two (H, He) is 10~3 MeV/n < E < 10 3 MeV/n; for the last four (C, Ne, Ar, Fm) it is 10-1 MeV/n < E < 10 3 MeV/n. 7. This is a simplified set of equations which is usuany given for the system. A more complete discussion of the mechanism is given in ref. 3 . 2.
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